TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 357, Number 5, Pages 1717-1730

S 0002-9947(04)03813-9

Article electronically published on December 29, 2004

COMPACTNESS OF ISOSPECTRAL POTENTIALS

HAROLD DONNELLY

ABSTRACT. The Schrodinger operator —A+V, of a compact Riemannian man-
ifold M, has pure point spectrum. Suppose that V{ is a smooth reference po-
tential. Various criteria are given which guarantee the compactness of all V'
satisfying spec(—A+V) = spec(—A+Vp). In particular, compactness is proved
assuming an a priori bound on the Wy 2(M) norm of V, where s > n/2 — 2
and n = dim M. This improves earlier work of Briining. An example involv-
ing singular potentials suggests that the condition s > n/2 — 2 is appropriate.
Compactness is also proved for non—negative isospectral potentials in dimen-
sions n < 9.

1. INTRODUCTION

Let M be a compact Riemannian manifold. The associated Laplace operator is
given in local coordinates by
1 9 f )
J

)

- - Y ij ZJ

Af o \/§ 8xi <\/§g ox
Clearly, this is a second order elliptic differential operator. If V' is a smooth po-
tential function, there is an associated Schréodinger operator —A + V. Because M
is compact, these Schrodinger operators have pure point spectrum consisting of
eigenvalues \; with associated eigenfunctions ¢;,

(A4 V)di = Nigy.

Suppose that Vj is a smooth reference potential. The set of smooth potentials
satisfying spec(—A + V) = spec(—A + Vp) is denoted by Is(Vp), an abbreviation
for isospectral. An outstanding open problem is whether or not Is(V}) is always
compact. If the dimension n of M is at most three, then compactness of Is(V})
was proved by Briining [4].

In higher dimensions, Briining proved compactness given the additional hypoth-
esis of a bound for the W 2(M) norm of V, s > 3(n/2) — 2. Here W, o(M) denotes
the Sobolev space of functions with s weak derivatives lying in Lo(M).

In Theorem 4.1, we show that Is(Vp) is compact given a bound for the W o (M)
norm of V' € Is(Vp), where s > (n/2) — 2. Since one has such a bound for the
Ly(M) norm of V, this recovers the compactness of Is(Vp), when n < 3. The
improvement in the lower bound of s is achieved by developing the method of [4].
An example involving singular potentials suggests that the condition s > (n/2) — 2
is appropriate.
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1718 HAROLD DONNELLY

A number of alternative compactness criteria are derived in Section 5. We show
the compactness of non—negative isospectral potentials in dimensions n < 9. Also,
if one assumes isospectrality for more than (n/2)—1 different Schrédinger operators
of the form —A 4+ ~V, v # 0, the compactness is assured. Finally, in the case of the
flat torus, the set of isospectral potentials with non—negative Fourier coefficients is
shown to be compact.

All of our proofs are based upon the heat equation asymptotics and the Sobolev
embedding theorems. We present two different approaches to the asymptotic ex-
pansion of the heat kernel. For the case of the flat torus, the work of Banuelos and
Sa Barreto [2] is developed to give a formula in terms of the Fourier expansion of the
potential function V'€ C°°(M). For more general compact Riemannian manifolds,
Duhamel’s principle is employed to generate exp(—t(—A 4+ V')) as a perturbation
of exp(tA). The Sobolev embedding theorem and generalized Holder inequality are
used to evaluate the successive terms which appear in the asymptotic expansion.
A case-by-case inductive argument leads to Theorem 4.1.

2. HEAT ASYMPTOTICS FOR TORI

Suppose that M = R"/L is a flat torus, where £ denotes a lattice. If V €
C>(M), then the Schrédinger operator —A + V' has pure point spectrum. The
purpose of this section is to derive an asymptotic expansion for the trace of the
corresponding heat kernel K (¢, z,y):

(2~ A V@)Kt y) =0,

ot
K(vavy) = §z,ya

where 6, , denotes the Dirac delta distribution. The terms in the asymptotic ex-
pansion will be specified as polynomials in the Fourier coefficients Vj, of V(z):

Viz) = Z Vipe'tkr)
keLl~

where L£* is the dual lattice of £. Our formula is analogous to the result of Banuelos
and Sa Barreto [2] for scattering theory on R™. The Fourier transform is replaced
by the Fourier series. Although some details are different, the general outline of
the method is the same for both R" and R"/L.

The heat kernel Ky(t,z,y) for the Laplacian —A satisfies

0
(& - Ax)KO(ta Z, y) = 07

Ko(0,2,y) = 0z
Taking the difference between the two heat equations gives

(2 — AR 2,9) — Kolt,2,)] = ~V @)K (12.),

(2.1) K(t,x,y) — Ko(t,z,y) = 0.

We use (2.1) to set up an iteration scheme expressing K (¢, x,y) as a perturbation
of Ko(t,x,y).
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COMPACTNESS OF ISOSPECTRAL POTENTIALS 1719
Expanding in Fourier series, the heat kernels are represented by

K(t,z,y) ZK t,n,m)e et me) g=imy)

o(t,z,y) ZKO t,n,m)e 1(%%)6—1'(“%1/)7

where the sums runs over (n,m) € L* x £*. Since the complex exponentials form
an orthonormal basis for the eigenfunctions of —A, one has

Ko(t,n,m) = eft‘”|2(5n,m
The key step of the perturbation method is provided by

Proposition 2.2. The Fourier coefficients of the heat kernels for —A and —A+V
satisfy

K(t,n,m) Ko (t,n,m) ZW/ (S_t)ln‘QK(s,n—ﬁ,m)ds.

Proof. Taking the product of the Fourier series and rearranging terms gives

V(z)K(t,z,y) = Z Veelte) Z k(t, n, m)e“"’@(37i<m’y>
Z ViK (t,p — £, m)e!P®) e=imy),
£,p,m

Consequently, solving (2.1) eigenspace by eigenspace gives the ordinary differential
equations

(d+|n|)( K(t,n,m) — Ko(t,n,m)) ZV@ (t,n —€,m)

or equivalently,

2 d d
dt

7t\n

(e t|n\2[k(t7n,m) — Ko(t,n,m)]) = — Z‘/gf((t,n —{,m).
¢

Proposition 2.2 follows by integration in ¢ and use of the initial conditions K (0, z, y)
= KO (07 z, y) . U

Substituting the formula of Proposition 2.2 into itself yields

Proposition 2.3. K’(t,n,m) :Xo(t,n,m) Ze Vi, f e(s1—t)|n|”

Ko(s1,n —ly,m dsl+ZVg1V42// es1=)Inl?

01,02
6(82_81”"_21‘2}%(82, n— {1 — la,m)dsads;.
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1720 HAROLD DONNELLY

Repeating the process again gives

Proposition 2.4. K(t,n,m) = Ko(t,n,m) — >0 Vo

t
/ e(slft)‘”FK'o(sl, n—{1,m)ds;
0

t S1
s Vm@/ / e(s1=0Inl? y(s2—s1)In—t
0 JO

£1,€2

Ko(sa,n — ty — by, m)dsadsy — Y Vi, Vi, Vi,
£y,02,03

t S1 S2 5 5
/ / / o(s1=8)n? (s2—51)|n—t1
0 0 0

6(83_‘92)'"_[1_[2‘2}%(53, n — 61 — 62 — 63, m)d53d82d81.

One proves by induction that the typical term produced at the kth stage of the
iteration is

t S1 S2
Ei(t,n,m) = (=1)* Z Ve, Viy - -V, / / /
s o Jo Jo

e 2 0 £1—£s]?
/ e(s1=0)Inl? (s2—s1)In—1 ]2 (52 —s2) In—b1—bs]
0

2 A
R e(sk78’“_1)'”7417427"'7&“_1‘ Ko(sk,n — by — Ly — ... — Uy, m)

dspdsg_1 ...dsads.

The Fourier coeflicients are rapidly decreasing because V' € C*°(M). Conse-
quently, F} is trace class and

Tr(Ey) = Z Ei(t,n,n).

Moreover, one has
Proposition 2.5. Tr(E;) = (4nt)~™2 wol(M)(—t)Vy 4+ 0(e~¢/*) and for k > 2,

Tr(Ey) = (4rt)™™/2 vol(M)(—t)* Z Ve, Vig ... Vo,
lr+Lo+...+£=0

1 A A2 Ak—1
/ / / . / e tHARD AN dA 1 .. dAadAy + 0(e™¢/t),
0 0 0 0

where
k-1
AN ) =Y (0 = Nl + b+ + £
j=1
k—1
— ()\j—)\j+1)(£1+£2+...+£j)|2.
j=1
Proof.

t
Tr(Ey) = — Z Ve, Z/o e(sl_t”"‘QKo(sl, n—{1,n)ds;.
n

£y
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COMPACTNESS OF ISOSPECTRAL POTENTIALS 1721
However, Ko(sl,n —{1,n) =0, unless n =n — {1, i.e. £ =0. So
t
Tr(E,) = —VOZ/ elsr=DInle=silnl® gg)
—Jo
2
Vot Z e—tinl®
n
The desired formula for T'r(E; ) now follows from the standard heat equation asymp-

totics for the unperturbed operator —A on M = R"/L.
For k > 2, we observe that the diagonality of K implies that

Ko(sk,n—ﬁl—ég—...—ék,n):O,

unless ¢1 4+ 05 + ...+ ¢ = 0. Consequently, we have

Tr(B) = (-1DF Y VaVe.. Ve Y

L1+Lo+.. . +Lp=0 n
k—1 R
/ / / e(sl —t) \n| e(sz s1)|n—201]
(s;—s2)|n 01—L2)? N (Sk—sk |n—ti—la—...—€,_1|?

e~ sklnl? dspdsi—1 ...dsadsy.
The change of variables s = t\, gives

Tr(Ey) = (—t)* > Vi, Vi .. Vi,
Li+L2+...+£;,=0

M A
Z/ / / / (M= D)tn]? (e A)t|n—t |
e()\g )\Q)tln 01— Z2‘2 . /\)c Ak — 1)t|n by —lo—.. 7£k—1‘2
eI AN N L dAgd)s.
By completing the square to rewrite the exponent, we obtain

Tr(Ey) = (=t > VeV Vi)

Ly+Lo+.. . +Lp=0 n

A pAg
/ / / / ot 5=E (N1 =2) (a2t 4-5)
2
Al |
AN dAj—1 - .. dXadAq.
The standard heat equation asymptotics with coefficients in a flat bundle give
Ze*t\”JrZ, LG = ) (Lot +65) P

Z (Njr1=25) (LrtLa+...4+L5) LyHla+...+L;

j=1

k—1
+ Zl(kjﬂ—/\j)
7=

= (4mt) "2 vol(M) + 0(e~%/?).

Substitution completes the proof of Proposition 2.5. ([
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1722 HAROLD DONNELLY

If Ap(\,¢) are defined as in Proposition 2.5, then set for k¥ > 2 and p > 0,

W M iy

€1+€2+ A+L,=0
Ve, Vi, - Vi d\ed s - . dA1.

The asymptotic expansion for the trace of the heat kernel is given by

Theorem 2.6. Ast | 0,

Tr(K) ~ (47t) ™2 vol(M) f: am (V)™
m=0

where ag = 1, a1 = —Vy, and for m > 2,
an(V)=(=1)" Y Inp.
£55550

Proof. Since Tr(Ey) = cxt® + 0(e=¢/?), it follows from our perturbation expansion
of the heat kernel K that

(oo}
Tr(K) ~Tr(Ko) + Y  Tr(Ey).
k=1
One now deduces Theorem 2.6 from Proposition 2.5 and the expansion of
exp(—tAg (A, £)) in Taylor series. O

In Section 5, we will apply Theorem 2.6 to obtain compactness of certain isospec-
tral potentials. This will be based upon proper utilization of the terms I5 ;. A brief
calculation verifies that

L, = c,,/ VPV 2.
M

The coefficient ¢, is positive.

3. HEAT ASYMPTOTICS FOR COMPACT MANIFOLDS

Let M be a compact Riemannian manifold and let A be its Laplacian acting on
functions. The initial value problem for the heat equation is

0
(A=) at) =0,
f(@.0) = g(a).

There is a fundamental solution Ky(t, z,y) so that

flz,t) /Kotxy y)dy.

Suppose that n denotes the dimension of M. One has an asymptotic expansion
valid in a neighborhood of the diagonal in M x M, given by [2]:

—r2(z,
Ko(t,z,y) = (4xt)~"/? exp(%)(@o(x, y) + 01 (z,y)t + O2(z, y)t2 +...).
Here r(x,y) denotes the geodesic distance between x and y. The terms 0;(x,y) are

determined by iterative solution of the transport equations. Upon restriction to the
diagonal, the coeflicients 6;(z, z) are O(n) invariant polynomials in the components
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COMPACTNESS OF ISOSPECTRAL POTENTIALS 1723

of the curvature tensor of M and its covariant derivatives, and thus given by pairwise
contraction of indices.

Suppose that V' is a smooth potential function defined on M. The corresponding
heat equation problem is

0
A=V =2)f(@,)=0 f(z,0) = g(x).
Again, there is a fundamental solution K (¢, x,y) so that

fat) = /M K(t, 2, 9)g(y)dy.

Using Duhamel’s principle, one generates a perturbative expansion for K (¢, z,y)
in terms of Ko(t,x,y). At the first stage, one has

K(t,z,y) — Ko(t,z,y) / / Ko(s,z,2)V(2)K(t — s,z,y)dzds.

Substitution for K (¢t — s, z,y) in the integral leads to

t
K(t, ) — Kolt, ) = / / Ko(s1, 2, 22)V (21) Kot — s1,21,1),

t—s1
dz1dsq +/ / / o(s1,2,21)V(21)Ko(s2, 21, 22),
MxM
V(ZQ)K t — 81 — 82,%22,Y )dZQledSQdSl

One proves by induction that the typical term at the kth stage of the induction
argument is

t—s1 t—s1—s82 t—81—S2—...—Sk—1
e A A

) Ko(s1,x,21)V(21)Ko(s2, 21, 22)V(22) Ko (53, 22, 23)
ik

V(Zg) N Ko(sk, Zk—1, Zk)V(Zk)K(t — 81— 82— ...— Sk, %k, y)
dzpdzi_1 ...dz1dsgdsg_1 ...dsy.
Here M* = M x M x ... x M denotes the k—fold Cartesian product.

By working in normal coordinates centered at z, using the known asymptotic
expansion for Ky(t,z,y), and expanding V' in Taylor series, one deduces

Proposition 3.1. There is an asymptotic expansion ast | 0:
K(t,z,x) ~ (47t) "2 (1 + a1 (2)t + ag(z)t> +...).

Each term a;(x) is given by an O(n) invariant polynomial in the components of the
curvature tensor R of M, the potential function V and their covariant derivatives
of higher order.

If \; are the eigenvalue of —A + 'V, then

(o]
Zef)""tz/ K(t,z,x)dx
i=1 M

Consequently, ast | 0,

Ze_)‘t (47t)~"/2 (vol M+/

M

ay(z)t + /M az(x)t? +...).
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1724 HAROLD DONNELLY

We are primarily interested in the dependence of the [ a;(x)dx upon the potential
function V' and its covariant derivatives. Some simplifications of the integrals are
possible using partial integration. One readily verifies that

/Mal(x)dx - /M[V(a:)+b1(x)]dx,

1

/m e = /M[VQ(x)+b21(a:)V(x)—|—bgg(x)]dx,

where by, ba1, and bay depend upon the metric but not upon the potential.
For the general term, there is the following description:
Proposition 3.2. If j > 3, then

. P S k k) pk
J=o [ VVELS S [ P ORLW)- R0,

aczh
|| <e(k)

where each P(’j s a differential operator with coefficients depending only upon the

metric of M.
k
For all k, we have ord P¥ < j —3 and Y ord P < 2(j — 3). Moreover, if
i=1
k > 3, then '
k
ord PY, <j—k > ordPl <2(j—k).
i=1

Remark 1. The last sentence refines the corresponding description of the terms
given by Briining [4].

Remark 2. If k = 0, the terms depend upon the metric, but not upon V. If k =1,
then by partial integration, any derivatives applied to V' may be moved over to R
and its covariant derivatives. So, it may be assumed that ord P} = 0.

Remark 3. If k > 3, the terms independent of R, and its covariant derivatives,
k
satisfy 3 ord P¥ =2(j — k). This agrees with the results of Section 2 concerning

i=1
the flat metric. For the metric dependent terms, one has Ele ord P < 2(j — k).

4. COMPACTNESS AND BOUNDS IN SOBOLEV SPACES

Suppose that V; is a given smooth potential function defined on M. The set of
all isospectral potentials, denoted I's(V}), consists of smooth potentials V satisfying
spec(—A 4+ V) = spec(—A + Vp). If s is a non—negative integer, then Wy o(M) is
the Sobolev space of functions with s weak derivatives lying in Lo(M). Moreover,
[[V|ls,2 denotes the norm of V' as an element of W, o(M). Let Is(Vp, s,co) be the
members of Is(Vp) which satisty ||V|s 2 < co, for a positive constant cq.

The main purpose of this section is to prove

Theorem 4.1. If s > & — 2 and ¢y > 0, then Is(Vy, s, co) is compact in C>°(M).

Remark. If s > 3(%) — 2, then Briining @] proved that I's(Vp, s, co) is compact in
C®°(M). The improved bound s > % — 2 is achieved by developing his method.
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COMPACTNESS OF ISOSPECTRAL POTENTIALS 1725

The following corollary was established already in [4]:
Corollary 4.2. Ifn <3, then Is(Vp) is compact in C*°(M).

Proof. In Section 3, we observed that the second heat equation coefficient satisfies
1
/ as(z)dx = = / [V2(z) + ba1(2) + bao(2)V (2)|dz,
M 2 /m

where bo; and bye depend only upon the underlying metric of M. Consequently,

/M Vi(x)dr < ¢ < /M as(x)dz + 3+ ca ( /M v2(x)dx> 1/2) :

Since [,, az is determined by spec(—A + V), it follows that [|V]|o,2 is bounded for
V e Is(Vp). O

The remainder of this section is devoted to the proof of Theorem 4.1. One
proceeds by induction on j, using the following consequences of Proposition 3.2:

WIEae<e(1e X [ 5 00pL W) RE W)

3<k<;
aczh
for 7 > 3. The bound for ||V||2 is given above in the proof of Corollary 4.2. In
general, a bound on ||V]|;_3,2 is assumed. We first attempt to bound the right-hand
side by a function of ||V||;_32. If this does not succeed, we bound the right-hand
side by a multiple of HVHJ’Q_QQ, B < 2. When we show that V is bounded in all the
Sobolev spaces, then the result follows from the Rellich compactness criterion [m.
By taking products with circles, it suffices to treat the case of dimension n > 3.
In addition to the norm of V in Wy o(M), we will need to employ the norm of
V in L,(M). It is denoted by ||V|,, 1 < p < co. Those versions of the Sobolev
embedding theorems, which will be used, are compiled in Section 6. The appendix
also includes an interpolation result which follows from Holder’s inequality.
We consider a typical term 7' in the above summation. It is convenient to drop
the double subscript and the superscript, so that P; denotes P(f Let us write

T =Pi(V)Py(V) ... Py(V)Prsr(V) ... Po(V),

where n > 2(j —ordP;, — 3) for i < ¢, and n < 2(j — ordP; — 3) for i > £+ 1. We
apply the Sobolev embedding theorem as summarized in Proposition 6.1. When
i <l ||V, < cl|[V]j=32, with 7, = 2n/[n — 2(j — ordP; — 3)] because BV €
W;i_3—orap, 2. For ¢ > £+ 1, and odd dimension n, [|P;V]|c < ¢||V]j—32. If n
is even and ¢ > ¢ + 1, there is the weaker estimate ||P;V||,, < ¢||V]j—3,2, for all
r; < 0.

Theorem 4.1 is proved by establishing appropriate bounds on our typical term
T. A case-by-case discussion serves to clarify the various ideas involved. We begin
with

Lemma 4.3. Ifn is odd, j > % +3, and |V||j—s2 < c1, then [,, T < ca, where c;
depends upon c1.

Proof. Note that [ |T|<c [|Py(V)||P2(V)]...|Pe(V)], because | P;(V)|  is bound-
ed for ¢ > ¢+ 1. According to Proposition 3.2, we have ord(P;) < j — 3, for all 4. If
£ =1 or 2, the desired estimate then follows from the Cauchy—Schwarz inequality.
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1726 HAROLD DONNELLY

Assume £ > 3, i < ¢, and r; = 2n/[n—2(j — ordP; — 3)]. If -+ —|— +T—1[ <1,
the generalized Holder’s inequality gives ‘

/M T] < el PL )i 1P (V) [l - - ([P (V) I

and the lemma follows.
It remains to verify that % + % + % +...+ r_l,_; < 1. This reads

n— j—O?”dP —3)

M-

<1
i=1
¢
or equivalently (n —2j+6){+2 > ordP; < 2n.
i=1
¢
Since k > ¢ > 3, Proposition 3.2 guarantees that > ordP; < 2(j — k). So, it

i=1

suffices to establish the inequality (n — 25+ 6)¢ +4(j — k) < 2n, that is, ({ — 2)n +
60 — 4k < (20— 4)j.

Because ¢ > 3, division by 2(¢—2) reduces the required estimate to 4 +

or equivalently & 43— (2’C ) < j. Clearly, (2:£) > 0when3 < ¢ < k: So Lemma

4.3 holds whenever j 2 + 3. O

3[ 2k<j

The case of even-dimensional manifolds is more delicate. If ¢ # 2, a similar
argument applies. If £ = 2, more care is required. Details are given in the next two
lemmas.

Lemma 4.4. If n is even and |V|j—32 < c1, j > % +3, and L # 2, then [, |T| <
c2, where co depends upon cy.

Proof. By the generalized Holder’s inequality

/ T] < [ PL V) 1B (V) Ly - - (1P (V) s

prov1ded -+ —|— .+ % < 1. If¢ > £+1, then we may take r; to be arbitrarily
large. So, 1t sufﬁces to have % + % +...+ r_1[ < 1. Each r; > 2, so the case £ =1
follows.

Assume £ > 3. The remainder of the argument is the same as in Lemma 4.3,
with strict inequality replacing greater than or equal. This leads to the condition
Jj>5+3 O

Lemma 4.5. If n > 3, { =2, j > 2+ 1, and ||V|j_s2 < c1, then [,,T <
ca(|IV || j—2,2 + 1), where co depends upon c;.

Proof. If % + % < 1, then the method of Lemma 4.4 applies to yield [, |T| < cq,
where ¢o depends upon ¢;. If k = /¢ = 2, and % + % < 1, then the result follows
from Holder’s inequality.

Assume £ =2, k> (, and - —|— = = 1. Then r1 =ry = 2 and ordP, = ordP, =

j — 3. From the generalized Holder inequality, we get [, |T| < c|PiV |y qe. If

€ is sufficiently small, then r1 4+ ¢ < % By the Sobolev embedding theorem

[PV ][rte < cl|PiV][12 < E|IV]j-2,2 O
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COMPACTNESS OF ISOSPECTRAL POTENTIALS 1727

By taking products with circles, the proof of Theorem 4.1 may be reduced to the
case n > 3. The inductive argument is completed above for j > 3 + 3. However,
to start the induction a more sophisticated method is required.

The final step in the proof of Theorem 4.1 is provided by

Lemma 4.6. Ifn>3, j > 5+ 1, and ||V|;_32 < c1, then

/ 7] < ex(1+ V]2 s0),
M

where B < 2 and co depends upon cy.

Proof. If £ = 1, then the result follows from the generalized Holder’s inequality,
since 1 > 2. If £ = 2, we may apply Lemma 4.5, to get the result with 8 = 1. So,
for the rest of the proof, we assume £ > 3.

Suppose n > 2(j — ordP; — 2), for two values of i < ¢, say i = 1,2. Let
si=2n/[n—2(j —ordP; —2)] >r; = 2n/[n - 2(j — ordP; — 3)]. The interpolation

r; Piv|‘§:aia 0<a; <1. So,
- 32||V|;Z§’f2, fori=1,2.

by the Sobolev embeddlng 1PV |rspe <
The generalized Holder’s inequality yields

/MITI < APVl el PV lrae | BV g - - 12Vl

IN

c||V||§ 20, With B <2,
prov1ded + 5 —I— + = L. —I— =<1
To satlsfy thls last mequahty, it suﬂices to have

22: n—2(j—0rdPi—2)+2Z: n—2(j —ordP; —3) <1

2n 2n
i=1 i=3

or equivalently

which may be written as

4
> [n—2(j — ordP; — 3)] — 4 < 2n.
i=1

So, we need to establish the inequality (n — 25 + 6)¢ + 2 Z ordP; < 2n+ 4. By
i=1

Proposition 3.2, and the fact that ¢ < k, we know E ordP; < 2(j — k). Thus, it
i=1
suffices to verify (n —2j +6)f +4(j — k) < 2n+4.
This last inequality may be rewritten as (¢ —2)n+6¢ — 4k —4 < (2¢—4)j. Since
¢ > 3, division by 2(¢ — 2) gives

n 3—2k—2 .

2T T2 </
or equivalently ok

n _

s P35 <J
Because k > ¢ > 3, 2k4>2k =2. So j > % + 1 suffices.
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Since ¢ > 3, it only remains to treat the case where n < 2(j — ordP; — 2), for
two values of i < /¢, say i« = 1,2. Then, if 2 < s < oo, Proposition 6.1 gives
|1V s < ¢|PiV]j—orapi—2,2 < €||V]|j—2,2. For 2 < t < s, we may interpolate
using Proposition 6.2 to get |V, < ||PV]|%|PV]5®, 0 < a < 1. Applying the
Sobolev embeddlng theorem and the fact that ord(P;) < j — 3, yields ||P;V]|: <
=N

Because one may take ¢t to be arbitrarily large, the result follows from the gener-
alized Holder’s inequality provided that % + % +...+ % < 1. If £ = 3, the result
follows since r3 > 2. So assume ¢ > 4 in the remainder of the proof. Substituting

¢
the definitions of the 7, it suffices to have > n —2(j — ordP; — 3) < 2n.
i=3
¢
This last inequality may be rewritten as (¢ — 2)(n — 25 + 6) +2 > ordP; <
=3

2n. Recall that k > ¢ and apply Proposition 3.2 to give E ordP; < 2(j — k).

So, it is enough to require (¢ — 2)(n — 25 + 6) + 4(j — k) < 2n or equivalently
(6 —d)n+6(0 —2) — 4k < (20 — 8)j.

If £ =4, then k > 4 and 6(¢ — 2) — 4k = 12 — 4k < 0. So assume ¢ > 5.
Dividing by 2(¢ — 4), it suffices to have n/2 4 [3(¢ — 2) — 2k]/(£ — 4) < j, that is,
n/24+3—(2k—6)/(¢—4) < j. For k fixed, the left-hand side is maximized when ¢ = k.
So, we only need to require n/2+3—(2k—6)/(k—4) < j, i.e.n/2+1-2/(k—4) < j.
Since k > 5, it suffices to have j > n/2 + 1.

The proof of Lemma 4.6 is complete. This also finishes the proof of Theorem
4.1. (]

Example 4.7. Consider the singular potential V = r~2, where r < 1 is the Eu-
clidean distance from the origin in R™. For this potential, each term in the heat
polynomial a; is of order r—2/. Moreover, if s < n/2 —2, then V € W, 2(B;). Here
B; denotes the unit ball centered at the origin in R™. By smoothing V', one obtains
potentials in C° whose limit in W 2(B1) is V. This suggests that the condition
s > % — 2 is needed for [VI72V|? to dominate the other terms in a;. For odd
dimensions n, the condition agrees with our hypothesis s > 5 — 2 in Theorem 4.1.

If n is even, we need to discuss the borderline case s = § — 2. Consider V, =
€‘r—27¢, defined when r > € in R™. This gives a family of potentials in W 2(B1—Be)
with norm bounded independent of e. We extend these to all of By with bounded
Sobolev norms. In the limit as € | 0, each term in the heat polynomial is of
comparable order. So, the hypothesis s > % —2, in Theorem 4.1, is also appropriate
for even values of n.

5. ALTERNATIVE COMPACTNESS CRITERIA

If n > 4, then it is not known whether or not Is(Vp) is compact. Theorem 4.1
guarantees compactness if one requires an apriori bound for the W, o(M) norm of
the potentials under consideration, s > % — 2. In this section, we describe some
other conditions which guarantee compactness.

Given a real constant ¢, let Is(Vp,c) denote the set of all smooth potentials
satisfying spec(—A 4+ V) = spec(—A 4+ V) and V' > ¢. Our first result is

Proposition 5.1. If n <9, then Is(Vp,c) is compact in the topology of C*(M),
for any real constant c.
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Proof. Adding a constant to the potential shifts the spectrum by the same constant.
So we may reduce to the case of non—negative potentials. If n < 3, then Corollary
4.2 gives a stronger result.

If 4 <n <9, we apply formulas for the heat coefficients as, ay, which were
derived by Colin de Verdiére [5], and for as, derived by Banuelos and Sa Barreto
[2]. Their results are valid in locally Euclidean spaces. Using the third remark
following Proposition 3.2, we see that in each case the metric dependent terms are
of lower order. If n is 4 or 5, then one uses that

/M as(2)dz — —%< /M[v3(a:) + %|VV(J:)|2]dx)

to get a bound in Wi o(M), when V' > 0. The result then follows from Theorem
4.1. If n is 6 or 7, we need a bound in W 2(M), which is obtained from

/M aa(z)dz = 21—4(/M[v4(a:) + V()| VV ()2 + %|V2V(x)|2]dx),

provided V' > 0. Finally, if n is 8 or 9, we get a W3 2(M) bound using V' > 0 and

| astards = o3 (/M[V5(x) oIV ()P 45V (@) YV ()P
15

4
+2—7V(x)|AV(a:)|2 + §V(x)|V2V(x)|2]dx).

This completes the proof of Proposition 5.1. O

Remark. The computations of Banuelos and Sa Barreto used the continuous version
of Theorem 2.6, involving the Fourier transform rather than the Fourier series. The
same method applies for T" as for R".

Another compactness criterion may be formulated by requiring isospectrality
for a finite number of Schrédinger operators of the form —A + Vs, v # 0. Let
Is, (Vo) denote the set of all smooth potentials which satisfy spec(—A + V) =
spec(—A +~vVp). Our next result is

n

Proposition 5.2. If I is a non—empty set containing more than 5 — 1 non-zero

real numbers, then (| Is, (Vo) is compact.
~el’

Proof. The term bounding the W 2(M) norm occurs in as12. As a polynomial in
v, asy2 is of order s + 2. We write asyo = ¢o + 17 + ’yQPs('y). The coefficient
¢p depends only upon the metric and ¢; is bounded because ||V||2 is bounded. If
asy2 is bounded, then so is Ps(7y) = vy 2(ass2 — co — c177). Now P is of degree s.
If s + 1 values are bounded, for a polynomial of degree s, then the coefficients of
the polynomial are bounded by Lagrange interpolation. In particular, the constant
term of P, is bounded, which then bounds the W o(M) norm of V. Theorem 4.1
requires that s +1> 5 — 1. O

We now specialize to the case where M = R™/L is a flat torus. For a given
reference potential Vo, we let Ist (V) denote the set of all smooth potentials V/
having non—negative Fourier coefficients and satisfying

spec(—A + V) = spec(—A + V).
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One has

Proposition 5.3. If V| is a smooth potential function defined on a flat torus, then
Ist (Vo) is compact.

Proof. We apply Theorem 2.6. Note that the convexity of f(x) = z? implies that
Ar(M\£) > 0, for all values of k, A, and ¢. Since the Fourier coefficients of V' are
non-negative, I, , > 0 for all £ and p. The isospectrality hypothesis fixes the terms
am(V), for all m. From these last two observations, we deduce that I, is bounded
above. It was observed, in section two, that I, is a positive multiple of the integral
Jo; IVPV|2. This bounds all the Sobolev norms, and the result follows. O

6. APPENDIX

This appendix summarizes certain standard results in a form convenient for
reference. Suppose that M is a compact Riemannian manifold of dimension n.
For positive integers s, we let W, 2(M) denote the Sobolev space of measurable
functions with s weak derivatives lying in Lo(M). We need the following special
cases of the Sobolev embedding theorems [1]:

Proposition 6.1. a. For 2m <n, Wy, o(M) C L,(M), 2 < q< 22

n—2m
b. For 2m =n, Wy, o(M) C Ly(M),2 < g < o0.
c. For2m >n, Wy, o(M) C Loo(M).

The norm of w in L,(M) is denoted by ||u||,. For interpolation, the following
consequence of Holder’s inequality is quite useful:

Proposition 6.2. If0<a <1l and 1 <r <p<s, then

lullp < Il llulls=,

provided that 5= >+ ==

S
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